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ABSTRACT.  In  order  to  design  a  laser  rangefinder,  it  is  necessary 
to  predict  the  effect  that  a  change  of  any  VFj’iables  will  have  on 
the  expected  performance.  Preliminary  aspects  of  the  cverall  de¬ 
sign  are  discussed  giving  a  general  background  in  the  current  state 
of  the  art.  A  derivation  of  the  relationship  between  the  parameters 
in  what  is  generally  called  the  "range  equation"  is  shown.  Methods 
for  determining  the  parameters  are  presented  and  it  is  shown  how  the 
parameters  affect  the  performance  specification.  The  second  half  of 
the  thesis  computes  the  range  equation  and  presents  the  design  for  a 
rifle  rangefinder.  The  intent  is  to  give  a  specific  example  for  the 
material  in  the  preceding  discussion,  and  also  to  report  on  this  de¬ 
sign,  which  is  being  developed  as  a  prototype  model  for  military  use. 
The  rifle  rangefinder  is  a  portable  instrument  designed  to  be  mounted 
on  a  rifle  in  place  of  the  usual  telescopic  sight.  It  is  extremely 
lightweight  (less  than  5  lb)  and  sets  the  rifle  to  the  correct  eleva¬ 
tion  semiautomatically. 

IHils  report  is  a  facsimile  of  a  thesis  prepared  in  partial  sat¬ 
isfaction  of  the  requirements  for  a  master's  degree  of  science  in 
engineering.  It  is  published  at  the  working  level  for  information 
only. 
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A  laser  rangefinder  Is  an  Instzniment  that  measiires  the  range  or 
distance  of  an  object  by  emitting  a  short  burst  of  light  in  the  direc¬ 
tion  of  the  object  and  detecting  a  smal3.  portion  of  the  light  reflected 
back.  The  elapsed  time  between  emission  and  receipt  of  the  reflected 
light  is  proportional  to  the  distance. 
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Chapter  1 


LASERS  AND  RADAR 

Laser  Rangefinders,  like  radar,  meesure  distance  by  masurlng  the 
time  necessary  for  eleetromgnetlc  radiation  to  travel  to  the  object 
in  question  and  back  to  a  receiver  at  a  sijeed  eqml  to  c/n  where  n  is 
the  optical  index  of  refraction  of  the  laedium  and  c  is  the  speed  of 
ll^t  In  vacua.  The  first  difference  from  radar  is  that  the  trans¬ 
mitter  power  generator  is  a  laser,  which  emits  radiation  with  wave¬ 
lengths  in  the  optical  region.  This,  of  course,  necessitates  other 
differences,  such  as  the  type  of  detection  system  used.  Since  Isisers 
are  optical  devices,  they  cannot  be  adapted  directly  to  the  fxmctlon  of 
ranging  from  only  a  knowledge  of  electrical  engineering.  The  theory  of 
range  finding  needs  to  be  rederlved  on  an  optical  basis,  and  requires 
for  its  solution  the  engineering  techniques  encountered  in  optical 
design. 

Lasers  have  only  been  in  existence  during  the  last  five  years. 
There  are  three  general  classes;  gaseous  lasers,  semiconductor  lasers 
and  solid  or  partially  viscous  lasers.  The  gaseous  type  is  made  from 
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a  long,  thin  tube  filled  vith  Bcuae  gas  or  combination  of  gases  and  has 
usually  been  used  where  size  is  not  prohibitive,  where  hi^  energy  out¬ 
put  is  not  necessary  or  \diere  continuous  ooperatlon  or  a  more  stable 
frequency  is  desired.  The  other  two  types  are  smaller  and  are  capable 
of  higher  power  outputs  on  a  pulsed  basis.  The  solid  lasers  are  most 
popular  for  rangefinder  application;  they  are  generally  in  the  form  of 
a  crystal  or  glass  rod  and  the  energy  is  put  into  the  rod  (the  rod  is 
”puii5)ed'')  by  reflecting  the  li^t  from  a  flashtube  into  the  rod.  The 
resulting  laser  emission  can  be  millions  of  times  brighter  than  the 
sun  at  that  wavelength. 

A  laser  rangefinder  has  many  advantages  over  conventioral  radar. 
Laser  light  is  nearly  monochromatic,  that  is,  all  the  photons  emitted 
have  nearly  the  sane  wavelength;  thus  by  filtering  out  all  wavelengths 
except  laser  vnvelengths  from  entering  the  detector, background  radi¬ 
ation,  such  as  scattered  simllght,  can  he  almost  entirely  eliminated. 
Lasers  can  be  designed  so  that  the  output  light  is  collimated  into  a 
very  narrow  beam  ^ich  means  that  reflections  from  objects  outside  the 
beam  do  not  interfere  with  the  deitired  reflected  signal,  a  common 
problem  in  radar  called  ground  clutter.  For  a  given  energy  li^t,  the 
distance  light  will  travel  can  be  greatly  increased  by  colllmatlon. 

An  Interesting  conqparlson  can  be  made  by  considering  the  radiant  inten¬ 
sity  or  power  density  in  the  output  from  the  transmitter.  The  430  MC 
radar  under  construction  at  Arecibo,  Puerto  Rico,  using  a  100  ft.  disk 
and  4.5  megawatt  peak  power  has  a  power  output  of  10^^  watts  jper 
steradian.  A  4.5  MW  laser  can  easily  liave  a  power  output  of  10^^  watts 
per  steradian.  Peak  powers  in  excess  of  100  tlmss  4.5  MW  can  also  be 


achieved.  Theaa  charactfiristlcs  provide  new  opportunities  for  inven¬ 
tion  and  exploitation. 

WHVEIBMSTH  DEPENDENCE  OF  lASERS 

There  are  many  kinds  of  laser  materials  amd  each  emits  light  of  a 
wavelength  tdiich  is  vinique  to  the  material.  The  vavelengths  can  be 
conqjuted  from  the  energy  difference  ^  of  the  emitting  ensrgy  transi¬ 
tion.  This  esaergy  difference  is  affected  little  by  a  change  in 
temperature  and  under  normal  tes^ratures  does  not  vary  by  more  than 
one  pairt  in  ten  and  for  most  lasers  much  less  than  that.  Semiconductor 
lasers  vary  much  more  with  ten^perature  thsua  do  ruby  or  glass  lasers. 

A  desirable  laser  has  the  following  properties;  good  energy  conversion 
efficiency;  the  product  of  its  maximum  output  and  the  detector's  sensi¬ 
tivity  is  high;  it  transmits  well  throu^  the  atmosphere  or  other 
intervening  media;  its  size,  availability,  threshold  energy  for  lasing, 
etc.  fits  the  requirements  of  the  project  well..  If  the  dominant  noise 
source  is  background  radiation,  then  the  background  should  be  low  at 
the  laser  wavelength  since  background  of  the  same  wavelength  as  the 
laser  light  cannot  he  filtered  out. 

From  Fig.  1  it  can  be  seen  that  fortunately  there  are  windows 
2 

throu^  the  atmosphere  at  the  popular,  leiser  wavelengths,  l.o6|i 
(neodymium  doped  glass),  0.69^11  (ruby)  and  0.530u  (the  second  harmonic 
wavelength  for  neodymium).  The  maximum  transralssion  of  liglit  tlirough 
the  ocean  is  in  the  blue -green  region.  Fig.  2,  so  that  second  harmonic 
neodymium  glass  lasers  might  be  considered  best  for  this 
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application.  ^  ’  The  -wavelength  of  gallium  arsenide  semiconductor 

lasers  (0.83|i)  also  lies  in  an  a-tnosiiheric  -wlndo-w.  Moie  research  on 
lasers  of  this  na-terlEj.  is  Ijgportant  because  of  their  small  size  and 
high  efficiency.  La-test  reports  show  gallium  arsenide  to  be  about  kofo 
efficient  In  converting  electrical  input  to  light  output  po-wer.  Ruby, 
a  cooanon  laser  ma-berlal,  is  no  better  -than  0.1^^  efficient.  Neodymium- 
glass  is  about  0.5?S  efficient  when  used  in  the  Infreured,  but  the 
efficiency  drops  an  order  of  magnitude  in  -the  second  harmonic  and  even 
more  for  higher  harmonic  a.  Private  communications  with  Dr,  Hugh  Quin 
of  In-tematlonal  Business  Machines  Indicate  that  the  output  of  gallium 
arsenide  may  soon  be  in  the  hl^  power  region  by  having  one  gallium 
arsenide  laser  punip  into  ano-ther,  thus  operating  as  an  an^llfler;  or 
gallim  arsenide  lasers  may  also  he  used  as  a  punqp  source  for  other 
lasers. 


mVELENGTH  CONSIDERATIONS  FOR  DETECTION 


Looking  at  the  next  graphs.  Figs.  3  and  h,  the  merits  of  various 
wavelengths  can  be  seen.  Fig.  3  shows  how  the  sky  irradlance  changes 
with  wavelength,  and  Fig.  4  shows  the  ability  of  photomultipliers  to 
de-tec t  various  wavelengths.-*  Photonultlpller  tubes  maka  by  far  the 


♦  For  helpful  Information  on  photonmltipliers,  see  -the  technical 
brochures  from  the  following  companies: 

EMI  Electronics,  Ltd./u. S.,  North  Hollywood,  Calif. 

Electro-Mechanical  Research,  Inc.,  Frlnceton,  N.  J. 

ITT  Industrial  Labs.,  Div.  of  International  Telephone  and  Telegraph  Co. 
Radio  Corp.  of  America— especially  RCA  phototubes  and  photocells, 
-technical  manual  PT-6o,  Lancaster,  Fa. 
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Flgur*  1.  Ati»»ph«rle  Xm&aaiaslon 


wavelength,  microns 


Figure  2.  Sea  Hater  Absorption 


Figure  3>  Sky  Irradleace 


wavelength,  microns 

Figure  4.  Hiotonultlplier  Seusltlylty 
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iMSt  d»tector«  for  the  visual  vavelengths.  Only  at  wavelengths  less 
than  1.06(1  does  any  other  form  of  detector  perform  nearly  as  well.  At 
1.06(i  the  performance  of  silicon  detectors  \*iich  are  specially  tuned 
to  have  maximum  sensitivity  there  equals  that  of  photomultipliers. 

The  internal  noise  generated  hy  silicon  detectors  is  Indeed  much 
greater  than  tliat  of  photomultipliers,  but  the  quantum  efficiency— the 
ability  to  convert  Incoatlng  photons  to  electrons— is  so  much  better 
that  it  coiapensates  for  the  increased  noise.  The  respective  quantiaa 
efficiencies  of  photcwtultlpliers  and  silicon  at  l.o6|ji  are  0.04^  and 
better  than  Qoi'u*  Ihe  disadvantages  of  phottunultipllers  eue  their 
large  size,  the  very  high  supply  voltages  necessary,  and  their  con¬ 
struction,  Tdilch  for  some  applications  leaves  them  relatively  fragile. 


C(»IP0NBNTS 


The  coB5)onents  of  the  rangefinder  can  conveniently  be  classified 
according  to  their  function.  These  are  shown  in  the  block  diagram. 

Fig.  5. 

Transmitter 

The  laser  pun?)  power  siqjply  usually  consists  of  a  battery  or 
rectified  alternating  voltage  with  capacitor  output.  It  is  at  this 
point  that  the  system's  input  energy  is  usually  calculated.  Capacitors 
are  high  efficiency  devices  and  can  be  treated  with  small  error  as 


*  Technical  information  brochures  from  Electro-Nuclear  Labs., 
Inc.,  Mountain  View,  Calif. 
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having  afflclaaclas  of  100^.  This  sssaai  that  the  Input  energy  per 
pulse  to  the  laser  can  be  calc\ilated  as  2  cv®  idiere  C  is  the  capaci¬ 
tance  end  V  is  the  potential  difference  applied. 

Whan  a  flaehtube  is  used  as  the  laser  pua^,  it  is  connected  to  the 
capacitor  and,  When  triggered,  converts  the  capacitor's  stored  energy 
into  light  Which  punps  the  laser  vith  a  spectnan  depending  on  the 
flashtube  gseee  used.  For  semiconductor  diode  lasers  the  capacitor 
pulse  is  applied  to  the  Junction  of  the  semiconductor  materials. 

A  rangefinder  laser  should  always  be  Q-spoiled,^  "Q-spoiling"  or 
"Q-svltchlng"  generates  a  short  pulse  with  high  peak  power  emd  both  of 
these  conditions  are  necessary.  The  pulse  duration,  or  at  least  the 
rise  tlms  of  the  jnilac,  should  be  sharp  so  that  distances  can  be  re¬ 
solved.  Ube  rise  tins  must  be  on  the  order  of,  or  shorter  than, 

2  n  6H/e  where  R  is  the  desired  range  resolution,  u  is  the  index  and  c 
it  the  speed  of  licd^t.  That  power  is  the  quantity  of  interest  rather 
than  energy  can  be  seen  by  realizing  that  only  that  energy  -Wilch  is  re¬ 
ceived  during  sane  definite  time  intezval  can  be  used  as  signal,  and 
energy  per  unit  time  is,  of  coiirse,  power.  It  is  possible  to  use  auto¬ 
correlation  schemes  Wilch  have  been  developed  for  radar,  to  determine 
the  shape  (amplitude  versus  tlass)  of  the  transmitted  pulse  and  to  deter- 
Blne  the  effect  of  the  target  and  intervening  medium  (atmosphere)  on 
the  pulse  shape.  The  return  signal  can  then  be  extracted  from  the 
noise  knowing  its  expected  shape.  When  this  is  done  the  distinction 
between  energy  and  power  becotass  less  clear  and  it  might  be  argued  that 
energy  is  more  isportant.  Auto-correlation  techniques  have  their  chief 
vadue  in  radar  'tdiere  repetitive  pulsing  is  used.  It  can  be  shown  that  to 


operate  the  laier  In  other  than  the  alogle  pulse  mode  is  at  the  present 
wasteful  of  energy,  if  not  beyond  the  state  of  the  art. 

Earlier  it  was  stated  that  the  energy  delivered  in  a  given  time 
period  determines  the  average  power.  A  conplete  discussion  of  \diat 
that  time  period  should  be  and  how  it  is  related  to  pulee  length  and 
other  parameters  makes  up  a  good  part  pf  this  paper.  The  tim  is 
usiuilly  determined  electronically  and  may  include  only  part,  or  all. 
of  the  pulse.  In  order  to  determine  time  precisely  \Aien  a  pulse 
longer  than  the  resolution  time  is  used,  it  nay  be  necessary  to 
measiire  tlma  from  a  given  point  on  the  wave  shape.  This  is  eu:tually 
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a  simplified  form  of  correlation  counting.  The  limit  on  how  short 
this  time  period  can  be  and  how  precisely  range  can  be  determined  or 
resolved  is  affected  by  throe  major  factors.  Atmospheric  turbulence 
and  Inhomogeneity  affect  the  time  of  arrival  of  the  return  pulse.  The 
time  response  of  the  detector  and  its  processing  circuitry  and  the 
electronic  bandwidth  limit  the  time.  Third,  the  laser  pulse  itself 
may  be  too  long.  These  points  will  be  elaborated  on  later. 

A  means  to  further  shorten  the  laser  pulse  beyond  what  Q-spoiling 
does  is  to  use  a  laser  aiqplifler.  Putting  a  pulse  of  light  from  one 
laser  into  another  which  is  already  pumped  to  an  excited  state  will 
also  stimulate  emission  from  that  laser.  Since  the  front  part  of  the 
stimulating  pulse  arrives  first,  it  will  be  aBg>lifled  most.  Most  of 
the  ai^lifler's  stored  energy  will  have  been  used  by  the  time  the 
trailing  edge  coinss  along  so  that  the  resulting  pulse  has  a  sharper 
rise  time  and  a  greater  energy  density  than  the  original  pulse  had. 
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Slnc«  the  btan  direct  from  the  laser  has  a  divei^nce  vhlch  Is 
greater  than  necessary  or  desirable,  and  because  a  narrower  beam  means 
hl^r  power  density  smd  greater  range,  the  direct  output  must  almost 
always  be  further  collimated.  A  scsKiwhat  detailed  discussion  of  the 
limits  on  liqprarveaent  that  can  be  ex^pected  is  given  in  Chaptii;r  k. 

For  precise  range  measurements  It  is  necessary  to  use  a  detector 
to  measTire  precisely  the  time  of  pulsing.  This  Is  best  done  by 
ai>propriately  observing  the  light  pulse  Itself.  Time  measurements 
begun  when  the  flashtube  Is  triggered  are  unreliable  because  of 
variations  In  excitation  time. 

Receiver 

The  light  reflected  from  the  object  is  collected  by  auxiliary 
optics,  which  focus  the  llgbt  on  tbs  detector.  The  received  Intensity 
is  directly  proportional  to  the  effective  area  of  the  receiving  tele¬ 
scope.  Of  course,  received  baclcground  radiation  increases  in  the  sane 
propoirtlon,  but  since  noise  Increases  by  the  square  root  of  noise 
asqplitude,  m  will  be  shown  In  Chapter  2,  the  total  gain  when  back¬ 
ground  is  the  predominant  noise  will  only  be  proportional  to  the  change 
in  diameter  of  the  eollectiag  optics. 

The  cocqputlng  system  usually  consists  of  a  flip-flop  circuit 
which  is  tumsd  on  by  ths  transmitter  detector  and  turned  off  again  by 
the  receiver  detector.  The  flip-flop  circuit  starts  and  stops  a 
timing  device  or  clock  such  as  a  crystal  controlled  oscillator.  The 
elapsed  tlms  then  is  displayed  as  range. 

An  alternate  method  for  computing  the  range  has  been  described  by 
o 

the  author.  It  has  a  more  limited  application  but  offers  some 
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advsintages  to  the  clock  oethod.  Simply,  it  consists  of  a  rotating 
mirror  whose  speed  of  rotation  is  known.  The  optimum  position  for  this 
mirror  wciild  be  on  the  shaft  of  the  mirror  used  to  Q-spoil  the  laser. 
The  recea*  ^-ed  light  would  lae  reflected  from  the  mirror  and  diverted 
tlnrough  an  angle  vdilch  is  pixaportional  to  the  range.  The  transmitter 
fires  \dien  the  Q-spolled  shaft  is  at  a  fixed  angle.  If  this  is  called 
the  fiducial  angle  or  0® ,  then  7,  the  angle  at  which  the  ll^t  is 
received.  Is 

7  =  k  n  R  P/c 

The  factor  k  appears  In  this  equation  because  of  the  travel  tine 
to  and  froa  the  target  and  because  of  the  equal  angles  of  incidence 
and  reflection  from  the  mirror. 
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Chapter  2 


IHTRODUCTION 


To  approach  the  problem  of  kaoving  vdiat  size  pover  supply  Is 
neededj  hov  much  coollzig  la  necessary  and  vhat  the  optical  design 
should  be,  calculation  must  be  made  of  the  lasei-  light  output  r-culre- 
nent.  This  calculation  Is  based  on  three  categories  of  variables: 
first,  parameters  set  by  the  objective  of  the  project  and  considered 
to  be  fixed,  second,  parameters  which  are  themselves  to  be  calc\ilated 
or  determined  s:q:erlsientally,  and  third,  parcuoeters  which  would  be 
desirable  if  they  could  be  Incorporated.  The  first  category  might 
include  the  maximum  distance  over  >dilch  range  information  will  be 
required,  the  repetition  or  sainpllng  rate,  the  precision  of  the 
measurement,  the  target's  size  and  reflectivity,  the  percentage  of 
times  that  the  target  can  be  allowed  to  be  missed  or  not  detected,  the 
percentage  of  Incorrect  readings  or  false  alarm  rate,  eind  perhaps  the 
msxlmum  package  size  and  weight.  The  second  group  requires  the  most 
research  to  assess  and  Includes  description  of  the  detector,  atmos- 
jdierlc  attenuation,  background  brightness,  attenuation  by  the  optics. 
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Blgnal  to  nolae  ratio  and  cooling  rate.  The  third  area  is  the  part 
moat  affected  by  the  design.  A  good  design  vill  allow  for  increased 
range,  more  precision,  portability,  reliability,  and  all  other  aspects 
which  could  make  the  rangefinder  a  better  inBti*ui!Bnt. 

In  deriving  the  power  requirements  the  noise  present  will  be  com¬ 
puted  first,  the  percentage  of  light  output  which  Is  received  and  used 
as  signal  will  be  found,  and  then  the  necessai^  signal  to  noise  ratio 
will  be  confuted.  Only  after  all  these  variables  are  included  into  a 
single  equation  can  a  design  be  properly  accoi^lished.  For  instance, 
in  different  cases  such  things  as  the  beamwidth  or  the  area  of  the 
receiver  may  appear  as  the  square,  the  cube  or  even  the  fourth  power, 
and  of  course  this  will  tremendously  affect  the  physical  design. 

BACKURCUND  NOISE 

The  power,  or  flux  per  second,  P_,  which  is  always  present  as 
background  In  the  field  of  view  of  the  receiver  has  a  spectral 
dependence  and  must,  therefore,  be  e^ressed  per  unit  of  wavelength 
at  a  given  wavelength.  Since  the  dependence  Is  not  strong  It  may  then 
be  multiplied  directly  by  the  bandwidth  of  wavelengths  being 
looked  at  with  negligible  error.  That  is,  for  narrow  bandwldths  the 
background  power  is  nearly  enou|^  independent  of  wavelength  to  be 
taken  outside  the  Integral. 

Pg  (X.)  Pg  (x)  AX 
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Actually,  of  course,  the  vaveleagths  looked  at  (bandpass  of  the 


filter)  are  not  rectangular,  but  are 
Bore  as  shown  for  the  percentage  of 
li^t  at  a  given  wavelength,  and  soee 
sort  of  nuzaerlcal  integration  is 
appropriate. 

Noise  due  to  background  radiation  is  a  direct  function  of  the 
area  of  the  receiver  or  telescope,  and  the  angular  field  of  view 
over  which  it  receives  background  radiation.  This  will  be  egnal  to  the 
field  of  view  of  the  receiver  0^  Binus  the  solid  angle  subtended  by 
the  object  at  the  receiver  .  Power  oust  also  be  nultiplled  by  the 
efficiency  1^  of  the  collection  optics  and  the  transmission  of  the 
optical  filter  and  the  qnantum  efficiency  t)  or  sensitivity  S  of  the 
detector.  The  qnantun  efficiency  or  sensitivity  is  taken  into  account 
because  noise  is  conceptually  aost  easily  coiqputed  in  terns  of 
electrons  on  the  first  dynods  for  a  photooultlpller  or  in  the  output 
of  a  detector. 


(1)  Pjj  (watts  incident)  ^ 

(2a)  Ijj  (electrons/see)  =  P^  (n^^  -  \ 

where  is  the  noise  current  and  e  is  the  charge  on  an  electron. 

Alternatively,  slaee  the  energy  of  a  photon  equals  hc/\  ^re  h 
is  Planck's  constant  and  c  is  the  speed  of  light,  Inconing  energy  nsor 
be  converted  to  photons  per  second  and  Bultiplied  by  the  quantum 
efficiency  to  obtain  electrons  per  eecond. 

(2b)  Ijj  (eleetretks/eee) 
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All  of  the  above  refers  to  diffuse  radiation  within  the  field  of 
view  of  the  lecelver;  there  could  be  specular  reflection  of  the  sun, 
for  Instaiiee,  on  the  target  or  other  objects  giving  rise  to  much  larger 
values  of  energy  depending  on  the  jiartlciilar  geometry  and  intended  use 
but  in  most  cases  the  probability  of  occtirrence  is  so  low  as  to  be 
neglected  here. 


UETECT®  NOISE 

Noise  in  the  detection  circuitj^r  can  be  analyzed  by  con^ionentB 
such  as  detector  dark  current,  auigpllfier  and  load  reslstamce  noise, 
and  read-out  ambiguities.  The  latter  can  generally  be  designed  to  be 
negligible  with  standard  electronic  techniques.  The  former  two  •vdilch 
will  be  considered  here  depend  on  the  detector. 

For  photomultiplier  tubes,  dark  current  at  room  tenqoeratures  is 
predominantly  due  to  thermionic  emission  from  the  photo-cathode  which 
is  then  an^llfled  along  with  the  signal.  In  the  situation  where  the 
tube  is  cooled  so  that  other  sources  of  noise  become  cootparatlvely 
appreciable,  the  total  dark  current  will  have  dropped  to  a  level  such 
that  there  is  good  probability  that  no  noise  electrons  will  appear 
during  the  short  time  interval  of  detection  and  exterior  noise 
sources  will  predoolnste. 


NOISE  acATisrics 

When  the  predominant  noise  is  either  due  to  thermionic  emission 
fron  the  j^oto  cathode  or  from  the  photo  cathode  being  illuminated  by 
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a  ctaady  background^  the  frequency  le  best  deeKsrlbed  by  a  Polason  dis¬ 
tribution  since  individual  electrons  are  eaitted  frcm  the  cathode 
randonly  vlth  respect  to  tlne.^"^^  There  is  a  slli^t  deviation  from 
Poisson  because  not  all  electrons  emitted  reach  the  photoetultlpller 
dynode  and  get  anopllfled  but  this  effect  is  negligible.  It  could  also 
bo  described  more  basic  ly  by  a  binomial  distribution  Imowlng  the  pro¬ 
cesses  by  ^leh  photons  are  absorbed  and  electrons  emitted  or  how 
thermal  agitation  causes  electrons  to  overcoina  the  work  function 
energy,  etc . ,  but  the  parameters  necessary  to  do  this  are  not  readily 
available  and  -the  Poisson  description  is  preferable. 

During  SOBS  time  period,  6t,  there  will  be  n  electrons  expected. 

To  find  out  the  number  of  electrons  for  threshold,  n^,  an  acceptable 
signal,  to  noise  ratio  must  be  determined.  The  threshold  value  is  set 
that  yhataver  atia  tl«n  aUttron.  arrly.  torlag  tha  tu»  parlod 
it  is  concluded  that  a  signal  is  present  or  if  there  are  less  than  n^ 
no  signal  is  present,  only  noise.  When  an  electronic  device  is  used 
it  is  set  to  respond  only  to  voltages  greater  than  voltage  corre¬ 
sponding  to  n^  electrons.  A  false  aleumt  rate  is  decided  upon,  as  in 
radar,  which  is  tha  percentage  of  tlioe  for  which  a  false  signal  le 
recorded  due  to  noise.  This  false  eiJjLrm  rate  is  the  probability, 

^8t  predicted  by  the  Poisson  distribution. 

90  — 

n  -n 


(3) 


'  t'  n  = 


8t  '  t'  “  = 
lb  1*5 

for  which  tables  are  available.  ' 


n'. 


It  is  desirable  to  ziormlize  this  in  terms  of  the  estimated 


standard  deviation  s  since  s  =  (np.  Qausslan  distribution  tables 
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may  b«  used  for  this  for  large  n  and  may  be  ettineted  by  detemdalng 
the  parameter  x  vhere 

_  _  _  i. 

(k)  =  n  +  X8  =  a  +  (n)^ 

As  6in  exaiqple^  if  there  are  ten  or  tv«aty  or  more  electrons  on 
the  average,  then  ten  percent  of  the  time  the  fluctuation  will  exceed 
the  mean.  This  points  up  the  fact  that  we  are  interested  only  in  the 
fluctuation  in  n,  not  n  except,  of  course,  that  they  are  related.  On 
a  joacrosoopic  scale  the  noise  nay  be  though  of  as  a  summation  of  a 
direct  current  and  a  fluctviating,  alternating  current  vdiere  the  ojrigin 
is  taken  at  the  mean  d.c.  level  n  instead  of  at  zero  so  that  the 
me^itude  of  the  d.c.  part  is  negated.  This  leads  to  is^rtant 
results  such  as  the  fact  that  it  does  pay  to  increase  the  area  of  the 
receiving  optica  since  signal  will  go  \ip  linesLrly  vdiile  background 
noise  increases  only  by  the  square  root  of  the  increased  area. 

There  are  two  time  periods  involved — the  resolution  or  pulse 
time  5t  and  the  range  gate  At.  The  range  gate  is  the  tine  or  range 
over  which  a  signal  might  be  expected  or  more  precisely,  the  time 
during  which  noise  electrons  mi^t  he  counted  as  signal.  The  reso¬ 
lution  time  is  determined  hy  one  of  ^wo  factors.  If  the  precision  of 
the  range  measurement  is  not  critical,  it  will  he  the  time  necessary 
to  enclose  the  total  laser  pulse— about  30  to  50  nanoseconds  or  15  to 
25  feet  of  range  for  a  typical  Q-spoiled  pulse.  When  greater  pre¬ 
cision  is  necessary,  that  will  he  the  controlling  factor;  also  the 
rise  time  of  the  pulse  will  have  to  he  less  than  the  resolution  tins 
^Ich  may  require  special  Q-spoillng  techniques  and/or  laser 
aa^llflers. 
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Once  tiM  mxinun  perntisfllble  false  olazia  rate  for  the  entire 
range  cycle  Is  decided  upon,  then  the  minlram  number  of  electrons 
N  required  in  the  return  signal  during  the  pulse  time  5t  can  be  com¬ 
puted.  Nov. (1  -  is  the  probability  that  no  false  alarm  occurs 
per  pulse  period;  if  z  is  the  number  of  times  that  At  exceeds  6t,  then 

(5)  . 

thus  from  Eq.  3 

”  ^  n  -n  \  z 

which  can  be  solved  for  n^. 

N,  the  number  of  electrons  required  for  the  signal  is  cooq>uted 
next.  The  fluctuation  of  N  is  also  described  by  the  Poisson  dlstrl- 
but ion  so  that  one  standard  deviatlcm  Is  equal  to  (N)^.  Iteterminatlon 
of  how  far  abovs  threshold  (N  +  n)  should  be  depends  on  how  often  one 
can  allow  the  suiii  of  the  number  of  electrons  In  the  signal  plus  the 
nxunber  dim  to  noise  to  add  \q>  to  less  than  n^,  the  decision  or  thres¬ 
hold  level.  When  this  occvirs  the  signal  Is  missed  and  nothing  is 
recorded  at  all.  The  standard  deviation  of  the  total  is  the  square 

root  of  the  sum  of  the  variances,  which  when  N  and  n  are  each  Poisson 

_  _  -1. 

distributed  is  (N  +  n)^ .  If  y  is  the  nuiaber  of  standard  dsvlatioas 

by  which  (N  -f  n)  should  exceed  n^,  then 

_  __  _  _  1. 

(7)  N  +  n  =  n^  +  y  (N  -f  nf- 

y  may  be  determined  from  tables  knowing  the  missed  signal  rate  to  be 
allowed  and  then  since  n^  and  n  are  already  conqmted,  h  may  be  com¬ 
puted  ItaratlTSlor;  usually  In  two  or  three  trials. 
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CoBblaing  Eq.a.  (7)  and  (4), 

_  _  _  _  i 

N  =  X  (a)  +  y  (N  +  n)2 

Since  for  large  n,  \dilch  is  often  the  case,  N  is  coi^ratively  small, 
(8)  if  «  (x  +  y)  (n)2 

SOLID  STATE  DETECTORS 

Another  detector  >dilch  is  used  vhere  infrared  detection  is  needed 
and  where  the  size  and  ruggedness  become  important  is  a  solid  state 
detector.  In  the  visible,  their  perfontence  is  several  ojrders  of 
magnitude  down  from  jAiotomultlpllers  and  so  are  not  generally  con¬ 
sidered  for  use  there.  At  the  neodymium  wavelength,  1.06u,  the  only 
photomultiplier  surface  ^ich  is  sensitive  is  Ag-O-Cs,  \rtiich  is 
classified  as  S-1  by  the  Electronics  Industries  Assoclatiou  (EIA). 

Its  perfomance  la  roughly  eqculvslent  to  a  silicon  detector  idilch  is 
properly  tuned  to  that  wavelength  and  amplified.  Thus  a  silicon 
detector  is  in  con?)etitlon  with  a  photomultiplier  for  neodymium  wave¬ 
lengths.  Silicon  detectors  can  be  made  with  a  quantum  efficiency 
approaching  100^  at  1.06^  and  a  noise  eq,uivslent  power,  SEP,  which  is 
low  enough  that  the  limiting  noise  comes  from  the  following  enpllfier. 
Noise  occurring  in  solid  state  amplifiers  is  usually  thermal  noise 
arising  from  the  random  agitation  of  moleculeB  with  an  as^litudis 
usasured  in  terns  of  the  absolute  tesqperature  T'.  It  is  based  on 
Elxisteln's  derivation  of  Brownian  aorremut  and  is  also  eedled  Johnson 
noise.  It  has  been  shown  to  be  independent  of  frsq>ieiK:y  tqp  to  very 
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frequencies  and  Is  described  by  a  Gaussian  distribution  around  the 
mean  ^Ich  is  zei*o.  Ite  estimated  standard  deviation  s  is  calculated 
from  the  formula 

(9) 

Here  i  =  (peak  current)  -  (average  cuirrent) 

and  k  is  the  Boltzmann  constant,  5f  is  the  electrical  bandwidth  and  r 
is  the  ohmic  resistance  of  the  input  to  the  amplifier  (usiaally,  there¬ 
fore,  the  detector  resistance)  since  the  noise  in  this  Input  restor 
material  is  aiiqpllfled  most  emd  therefore  predominates. 


OUTPUT  ATTENUA^TIDN 


Once  the  number  of  signal  electrons  required  from  the  photo 
cathode  is  known,  the  equivalent  output  from  the  laser  necessary  to 
produce  this  can  be  calculated.  As  the  power  output  from  the  laser 
(transmitter  to  use  the  radar  term)  goes  along  the  optical  train,  it 
is  first  modified  by  the  percent  transmission  of  the  optics  k;^.  The 
transmitted  beam  has  a  spread  that  is  usually  a  cone  and  Ineas^l^ed  by 
the  angle  e  in  radians;  when  the  object  area  is  smaller  in  extent 

*2 

than  the  area  of  the  cone  cross-section  at  that  range  then  JiA.^/Tr(e  R) 
of  the  beam  is  intercepted,  ;diere  R  is  tbi  range  from  transmitter  to 
object;  when  the  object  for  ^Ich  range  is  desired  is  equal  or  greater 
than  the  cone,  then  A^  =  ir(e  r)  A.  The  object  next  reflects  only  a 
certain  percent  of  \diat  is  Incident;  if  it  has  retrodlrectlonal 
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properties  thie  nuet  Ise  baksn  Into  account,  or  If  it  la  diffuse,  a 
aodel  cueh  as  laabertlan  or  Isotropic  lohould  Ije  essuaed.  In  QK>st  cases 
a  lanibertlan  surface  eoms  closest  to  actTjallty.  lambert  derives 
his  BOdsl.  based  on  the  projected  area  visible  to  the  receiver  at  each 
point  on  the  henlq;diere.  Tifaar  the  periphery  the  illuslnated  area  is 
seen  ed^  on  and  therefore  Is  zero.  Else^ere  the  area  seen  Increases 
as  the  angle  c  shown  on  the  Inset  decreases.  It  Is  assuoted  that  the 
flux  seen  from  Is  proportional  so  that  at  the  point  where  the  flux 
is  received  the  power  is  proportional  to  cos  c  .  Ilie  total  flux  emitted 
to  the  hemisphere  at  e  =  0  la  therefore 
twice  the  amount  at  that  emgle  if  the 

/  LINE  OF  JiGHT 

energy  were  assumed  to  be  uniform  over 
the  hemisphere  of  surface  area  /^  ' 

g  l6  I 

2  IT  R  .  The  area  of  the  receiver 

Intercepts  a  poi^lon  of  what  is 

reflected  and  for  a  tar^t  or  object  with  a  surface  that  is  assumed  to 

reflect  light  according  to  the  lanibertlan  model  the  portion  is 
2 

TTR  ,  for  a  eorii’iisr  cube  prism  or  similar  object  which  returns  the 
Incident  beam  on  itself  without  altering  the  original  angular  devl> 
atlon  the  portion  is  JtA^/  v  (r  ©)  .  Thla  is  further  reduced  by  the 
transmission  of  the  receiving  optics  the  transmisBlon  of  the 
optical  filter  I^,aad  the  efficiency  of  the  photo  cathode. surface  t). 

The  power  output  of  the  transmitter  in  terms  of  the  nxnher  of 
electrone  required  from  the  photo  cathode  is  then 


FROM  transmitter 
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(10a) 


N 

FT 


2  2  It- 
T  0  R  h  c 


2  a  R 


(laBbertlan  reflector  object) 


(10b) 


„  ff  T*  s'*  s'*  h  c  e®  “ 
'’t  =  !<>  *0  *H  *T  ■Si  \  'I  »• 


(retrodlreetional  object) 


Eq.  10  l8  used  as  it  stands  for  the  case  vhere  the  liJBltlng  noise  is 
generated  within  the  detection  device  Itself,  be  it  dark  current  fron 
the  photosurfacc,  detector  Junction,  aiqplifler,  load,  or  whatever  and 
Bq.  6  is  substituted. 

For  the  case  vhere  the  Uniting  noise  comes  from  lUunination  of 
the  background  in  the  object  iqece  the  following  equation  is  to  be 
preferred  as  the  function  of  the  parameters  in  their  ratio  to  Pi^  is 
changed.  Fron  Eqs.  2b,  6  and  lOe  (for  a  background  limited  situation 
the  receiver  is  generally  designed  so  that  the  field  of  view  is  eqmi 
to  the  cone  of  the  projected  light  or  output  divergence  and  for  most 
cases  is  negligible  so  that  =  tt  ©  /h 
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(u») 


8  Ao  s'  Kg  .-®  “  15,  1  t  =  8t 


(Laoiberttui  reflector  object) 


(Ub) 


-  (*  +  y)  /'  ^  ^  ° 

^  Aq  KIj,  Kq  e”^  “  ^  W  ^  ’I  X  6b 


(retrodlrectlonal  object) 

Another  case  \Alch  ml^t  be  encountered  Is  \diere  the  limiting 
noise  is  due  to  energy  \dilch  is  reflected  from  the  target  Itself.  A 
similar  derivation  to  that  shown  above  should  then  be  followed. 

Fig.  6  shows  how  the  power  required  changes  with  range  for 
various  values  of  atmospheric  absorption.  Fig.  7  gives  a  similar 
graph  for  the  case  idiere  the  object  is  larger  than  the  laser  beam  and 
lastes^  of  an  Inverse  fourth  i>ower  lav,  the  Inverse  square  law  holds. 
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Flgur*  6.  Pomr  versus  Rsags 


This  gnq^  shovs  how  povor  vmrlos  with  nuoge  for  vmrlous  values 
of  ataoQherle  abeoxptloa.  In  this  oaao  the  laser  boaai  is  larger 
than  the  object. 


RANGE,  KM 


Figure  7*  Power  vereus  Raago 

nils  graph  above  how  power  varies  with  range  for  varloua  values 
of  atoo^^rlc  absorption.  In  this  ease  the  laser  been  is  soaller 
than  the  object. 
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Chapter  3 


MEETD  FOR  RIFLE  RANGEFINDER 


Ibese  last  two  chapters  deacrihe  6ui  actual  design  for  a  laser 
rangefinder.  This  chapter  derives  the  power  requirements  as  a 
specific  exaqple  of  how  to  ajjply  the  ideas  developed  previously.  In 
Chapter  4  the  mechanical  and  optical  details  for  the  design  are  pre¬ 
sented. 

In  the  Armed  Forces,  there  is  need  for  a  portable  Instrument 

which  can  determine  range  accurately.  The  author  detemlned  that  this 

need  could  be  met  by  using  a  laser  and  proceeded  to  determine  specific 

goals  for  such  an  instrument.  Consultation  with  Marine  and  Navy  per- 

17  id 

sonnel  and  the  reading  of  Army  field  manuals''' ' '  showed  that  if  an 

Instmment  could  be  developed  which  was  li^t  enough  it  would  have 
extensive  use  in  a  myriad  of  projects,  such  as  tank  fire  control,  for¬ 
ward  observing,  mapping  reconnaissance,  and  sniping,  to  name  a  few. 
Perhaps  the  person  needing  the  smallest  rangefinder  of  all  is  the 
sniper,  and  it  was  decided  to  design  a  prototype  for  this  use  first. 
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DESIGN  GOALS 


A  sniper's  mission  often  Involves  situations  where  a  single,  long 
range  rifle  shot  Is  the  only  chance  he  has.  It  Is  lii^ortant  that  this 
shot  be  accurate  as  It  will  alert  the  enemy  who  will  then  seek  cover. 

A  second  or  third  shot  will  likely  give  away  the  sniper's  position. 
Using  special  ammunition  cmd  facially  bored  rifle  barrels,  a  sniper 
often  shoots  from  long  distances.  Since  a  bullet  drc^s  a  great  deal 
at  the  longer  ianges,  the  major  reason  for  a  miss  was  found  to  be  the 
rlfleBBn's  Inability  to  properly  assess  the  longer  range  (e.g.  1,000 
yards).  It  is  thought  jxjssibie,  however,  that  a  sniper  might  attempt 
shots  at  a  range  of  1,000  yards  If  he  knew  the  range,  therefore  the 
design  goal  was  set  for  maximum  range  of  1,000  yards.  It  was  decided 
that  no  greater  accuracy  than  ^0  feet  In  range  would  be  needed  and  no 
information  closer  than  200  feet  would  be  used. 

The  ll^test  existing  laser  rangefinder  to  date  weighs  In  excess 
of  25  pounds  including  an  external  battery  pack.  However,  in  order  to 
be  of  use  to  a  sniper,  for  whom  the  rangefinder  could  only  be  one  of 
many  pieces  of  gear,  the  laser  could  add  no  more  than  5  pounds  to  the 
rifle.  This  fact  is  borne  out  by  the  dismal  failure  of  the  infrared 
snooper  scope.  It  works  quite  well  but  because  it  weighs  27  pounds  no 
one  was  willing  to  carry  it.  In  spite  of  the  fact  that  several  com¬ 
panies  did  not  think  that  a  laser  rangefinder  could  be  built  weighing 
less  than  15  pounds  at  the  present  state  of  the  technology,  a  design 
was  attenpted  and  lias  now  been  successfully  accoo^llshed. 
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false  reading  rate  should  be  kept  extremely  low,  say  one  per 
thousand  although  the  missed  mte  could  be  higher,  maybe  25  per  thou¬ 
sand,  since  the  sniper  can  aloply  measure  the  range  over  again. 

Another  desired  goal  was  to  have  the  range  information  display  be 
readily  usable.  While  present  ideas  all  use  a  crystal  controlled 
oscillator  .to  time  the  pulse  and  then  display  this  data  on  external 
meters,  the  goal  for  this  design  was  to  allow  the  sniper  to  keep  his 
eye  on  the  ob,1ect  at  all  times  tdxile  range  is  being  obtained. 

Security  is  a  design  goal.  The  act  of  ranging  should  not  alert 
the  enemy. 

Ihiggedness  and  a  tninitaum  of  maintenance  or  supplies  such  as 

replacement  batteries  are  obvious  requirements. 

ENERGf  CALCUIATION 


Object 

The  most  difficult  object  for  the  rangefinder  to  encounter  will 
be  that  of  a  man  wearing  absorbent  clothlxsg  and  presenting  as  little 
perhaps  as  an  l8  inch  diameter  area  at  1,000  yards.  The  clothing 
would  typically  absorb  all  the  light  incident  upon  it  and  reradiate 
perhaps  as  little  as  ten  percent  back.  Buttons  or  other  objects 
reflecting  spcculeu:!^  would  in  general  reflect  in  directions  other 
than  toward  the  receiver  amd  thus  would  subtract  from  the  effective 
area  of  the  l8  inch  diameter.  Ihe  percentage  of  specularly  reflecting 
ana,  however,  will  probably  be  negligible. 

The  best  estimate  of  the  diffusely  reflected  energy  distribution 
in  space  ir.  that  it  will  all  be  reflected  back  into  a  hemisphere 
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tovard  the  laser.  The  distribution  vlthln  this  hemisphere  is  aost 
closely  approoclmted  by  a  model  due  to  lambert  where  ihs  radiation  back 
into  the  hemisphere  is  zero  at  the  periphery  and  maxiinum  at  the 
receiver*  As  shown  previously  the  maximum  is  exactly  twice  that  which 
would  be  expected  for  an  emitter  radiating  uniformly  into  the  heiai- 
sphera.  Thus,  the  incident  energy  is  reduced  by  the  fEwtor. 

g  (stirface  area  of  hemisphere) 

Kq  (effective  aperture  area  of  receiver) 

Background  Radiation 

Althou^  the  worst  ease  for  detectability  throu^  a  rlflescc^, 
(least  contrast  between  object  and  its  background)  is  when  the  object 
is  in  a  dark  forest  or  shadow^  the  worst  case  for  the  rangefinder  is 
when  the  object  la  silhouetted  against  a  bright  background.  The 
brightest  probably  background  will  be  a  cloud  filling  the  field  of 
view  of  the  receiver^  made  bright  by  scattered  sunlight.  As  in 
Eq.  (l)  the  amount  of  noise  pow^sr  thus  entering  the  receiver  will  be 

where 


Determination  of  the  correct  value  for  is  a  formidable  task, 
one,  however,  ^Ich  should  be  done  quite  thoroughly  in  order  to  obtain 
a  meaningful  value.  To  Investigate  the  general  case  properly  would 
require  Euiother  thesis.  Since  the  subject  is  covered  thoroughly  In 
the  literature  it  will  suffice  to  sli^ply  point  out  sources  of 
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Informtion  and  mBkB  a  fev  general  comtaenta,  even  thou^^  background 

brightness  mat  Inextricably  be  part  of  the  subject  of  l&aer  range 

meters.  bibliography  la  not  intended  to  be  ccog>lete,  but  some  of 

19-22 

the  references  listed  do  have  con^rehensAve  bibliographies. 

The  major  problem  with  determining  background  li^t  level  Is  that 
it  varies  constantly  as  a  function  of  so  many  parameters  that  no  two 
sourcea  of  Information  agree.  This  changing  ll^t  level  also  makes 
it  difficult  to  establish  even  a  probable  worst  case  although  this 
must  be  done  before  the  laser  can  be  designed. 

In  this  problem  of  the  rifle  rangefinder,  it  is  improbable  that 
range  will  be  required  at  an  elevation  angle  greater  than  15  or  20 
degrees.  The  drawing,  Fig.  8,  shows  the  conditions  for  tdiich  ranging 
will  be  most  difflcxilt.  The  sniper  is  shooting  iphill,  through  an 
absorbing  atmosphere  such  as  haze  or  light  fog  at  a  small  object  which 
has  a  bright  background  surroiinding  it. 

Since  the  percentage  of  total  shots  ■vdiich  will  have  the  ccmbl- 
natioB  of  hi^  angle,  foggy  day,  and  bright  clouds  over  the  entire 

field  of  view  is  very  small,  it  will  be  reasonable  to  choose  a  rather 

_k  ,2  ® 

liberal  value  for  P„.  A  value  of  3  X  10  vatts/m  -ster-A  is  chosen 
as  a  value  to  design  for  at  l.o6p.  and  lO”^  at  0.59^  with  values 
interpolated  from  these  two  using  the  graph  shown.  Fig.  9f  for  other 
wavelengths. 
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BRIGHT  Cumulus  ClOuD 
I  .\J  S  ACKvjROUINJD 


SNIPER 


Fl^ur*  8.  Worst  Case  for  Which  Rlflo 
Raageflndor  Is  To  Raajps  Accurately 
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CLOUD  RADIANCE,  WATTS/rr  -STE 


Flguaew  9*  T^lcal  Sptotral  !>lstrl'butlo(a  of  tbs 
RadUnco  trca  m  Sun-IUuoiiiatod  Cloud 
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ATMOSPHERIC  TRANSMISSION 


The  tranemlBSloa  of  laser  light  throu^  the  atmosphere  to  the 
object  and.  back  again,  Is  conputed  from  the  expression  e  where 

go  gji  g 

R  =  1,000  yds  =  91^  meters.  *  The  metric  system  is  preferred, 

but  since  range  estimation  for  rifles  has  been  in  yards,  this  will  be 
used  for  the  first  prototype's  readout  display. 

The  coesoents  in  the  preceding  section  on  the  variability  of  P- 

I) 

also  apply  to  a.  Normally  a  is  a  very  powerful  factor  (see  Figs.  6 
and  7)  and  knowing  the  exact  value  of  P^,  since  it  appears  in  the 
square  root  of  the  range  equation,  is  of  lesser  consequence  than  Imow- 
Ing  a.  Here,  however,  because  of  the  short  distance  Involved  and  the 
small  amount  of  atmosphere  to  be  travesed,  the  opposite  prevails.  A 
typical  value  for  the  absorption  coefficient  is  0.05  per  Inn  on  a  clear 
day,  but  if  a  value  as  different  as  0.1  were  used,  the  differejire  la 
total  transmission  would  only  change  from  9I  to  83  percent.  On  the 
other  hand,  since  a  sniper  doesn't  especially  limit  himself  to  clear 
weather  conditions  snd  even  though  H  is  exceptionally  small,  a  may 
bee<xne  quite  large.  As  a  guide  the  following  table  gives  roughly  the 
visibility  limit  and  corresponding  a  for  various  weather  conditions. 
Using  the  table  as  a  basis  for  decision  and  sipposing  that  a  sniper 
would  want  to  see  in  excess  of  J^,000  yards  before  atteiiptlng  to  shoo'b 
an  object  at  1,000  yards,  the  value  for  c  is  seen  to  be  1,  making  the 
total  transmiaslon  1656  at  visual  wavelengths.  Referrias  'to  1  io, 
the  let  chap'^r,  transmission  at  1.06^  would  be  about  20^. 
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Valuas  of  SMlaetlon  Coeffleionts  for 


tho  Interaatlonal  Visibility  Cods* 


Coda  Indices 

Max.  Visible 

Distance 

(upper  IdBit) 

a 

Extinction  Coefficient 

(Lower  LiMt) 

0  (dense  fog) 

50b 

80kB"^ 

1  (thick  fog) 

200 

20 

2  (BOderate  fog) 

500 

6 

3  .(lljjit  fog) 

Ika 

4 

4  (thin  fog) 

2 

2 

5  (haze) 

4 

1 

6  (Il^t  haze) 

10 

0,4 

7  (clear) 

20 

0.2 

8  (very  clear) 

50 

0.08 

9  (exceptionally  clear) 

280  (pore  air) 

0.014  (pure  air) 

LASER  MATERIAL 


Coacomitajat  vith  the  goals  of  li^t  weight  aal  security,  neo- 
dynium-dofpod  raro  oarth  glMO  which  emits  light  of  1.0^  wavelength 
wttt  choMn  for  the  laser  aaterlal.  During  darkness,  o  very  definite 
beaa  of  red  llg^t  can  be  seen  fron  the  laser  when  ruby  is  used,  and  it 
is  possible  that  sonsone  sd^t  be  looking  in  the  dlzection  of  the 
laser  yA»n  it  is  fired.  Also,  the  threshold  Ixqnzt  energy  level  for 


*  Taken  fron  Van  de  Holst,  H.  C. ,  "Scattering  in  the  Atmoejhere 
of  the  Earth  and  the  Planets. "  Ihis  paper  is  Included  as  Chapter  III 
in  a  book  TOie  Ateospheres  ^  the  Earth  and  Plaaets,  ed.  by  0.  P. 
KUlper,  Chicago:  tjniv.  of  dilcago  Press, 


lAflng  Is  hl^sr  for  ruby  than  for  nsodyuluB.  While  it  Is  true  that 
ruby  lle^t  can  be  detected  nor*  easily  (the  quantum  efficiency  of 
lihotonultlpliers  is  t«o  orders  of  magaltude  better  at  .?9^3'4  than  at 
1.06u)  it  ^11  be  seen  later  that  for  energy  in;puts  to  Nd  equaling  the 
threshold  value  for  ruby,  a  1,000  yard  rangs  can  be  obtained  anyway,  so 
that  other  arguments  are  Invalid.  Also,  recent  develoinients  in  solid 
state  silicon  photodetectors  make  a  solid  state  detector  as  good  at 

iH 

1.06u  as  a  photoaultlpller  at  the  same  wavelength.  A  detector  and 
amplifier  require  less  space  than  a  photoeultlpller  and  hl^  voltage 
power  supply.  Nd  in  a  CeifOj^  crystal  has  a  lower  threshold,  buf  Is  not 
as  rugged  as  glass  and  is  very  much  more  expensive. 

Performance  fron  other  types  of  lasers  has  not  advanced  suffi¬ 
ciently  to  equal  that  of  any  of  the  above  mentioned  materials. 

Qalllum  arsenide  injection  lasers  were  not  considered  becsuse, 
for  room  temperature  operation,  at  present,  they  do  not  exhibit  hle^ 
enou|^  power  outputs.  To  carry  enou^  coolant  for  even  a  half  day’s 
operation  would  bbJbs  them  bulkier  than  Nd  azid  would  require  refills 
which  mskss  coolants  Inpraetical. 


RECEIVER  APERTURE 

The  receiver  area  is  a  parameter  that  will  be  discussed  to  some 
degree  in  thit  chapter  and  also  in  the  next.  The  maximum  size  of  the 


*  Study  by  Autoneties,  Dir.  of  Nbrth  American  Aviation,  to  be 
published. 

Also  private  conversations  with  Elactro-Nuclear  Corp.  confirmed  this. 
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r«e«lv»r  i*  det^ndiMil  primrily  by  tbs  bulk  vhleh  can  ba  tolamtad  by 

a  sniper  on  his  rifl*.  Sonsvbat  arbitrarily,  it  Is  dseldsd  that  a  9  cm 

o 

dlsMtsr  wsuld  not  be  too  clmi^,  nsdclng  =  .00636  m  . 


SOMKABY 


At  this  point  It  aseos  visa  to  sunBarlza,  according  to  tha  outlins 
in  tha  Introduotlon  to  Chapter  2,  paraaaters  pertinent  to  range  vlthout 
ccmaldsrlag  sise  and  valght. 


Paraasters  sat  by  Variables  detamined  Variables  yet  to 

be  set  by  design  or 

goals  ox  project  so  far  froa  the  goals  state  of  the  art 


R 

CR 

£R 


®  r. 

OR 

8t 


z 


91V  natars  \ 

13  asters 

731  asters  a 

0,li 

IQff, 

.5  X  10"^  Star 
10"^  see 

50 


1.064 

3  X  10”\iBtt/star-aP-A 
1 

6.36  X  10"^  a® 
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DETECTOR 


Having  decided  upon  1.06m>  there  are  twc  leading;  detectors  froci 
\diich  to  choose.  A  nev  ruggedlzed,  S-1  reapmse  photoenxltlplier  has 
been  developed  vhlch  Is  only  2  ca  in  diaaeter  and  9  ca  long.  The 
quantua  efficiency  at  I.064  is  only  0.000^  vhile  that  of  a  silicon 
detector  is  about  0.5.  For  this  case,  vhere  the  bacHcground  radiation 
is  so  hl£^  as  to  Bake  the  photcnmltipller's  lov  internal  noise  of  no 
significance  the  semiconductor  detector  is  by  far  the  best  choice. 

The  usual  reason  for  choosing  photoiailtlpllers  over  photodiodes  is 
because  of  the  large  thermal  or  Johnson  noise  in  the  diode  and  its 
anplifler.  In  this  case,  hovever,  the  beckgromd  illumination  is  such 
as  to  aate  the  advantages  from  a  photOBultiplier '  s  low  noise  of  lesser 
invortance. 

Internally  generated  noise  froot  the  silicon  detector  aay  be 

‘IHf’ 

calculated  fron  the  equation  for  thezml  noise. 

(12) 

since  T’  «=  300*  and  r  is  5  X  IC*^  ohas, 

1=5.75X10"^^  (5f)^ 

approaclaatlng  8f  by  l/8t  =  10^  cps, 

i  a  1.8  X  10”^  eoulcmbs/sec 

a  1.1  X  10^®  electrons/sec 

^  RCA  type  C70102B5  Westlngaouse  type  WX-22779 
*»  See  HolterS,  p.  2^3. 
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OPTICAL  FILTER 


Slae«  th»  next  sactlon  vlll  show  that  background  radiatl<m  is  a 
■ajor  cauM  of  no^Mi  It  la  desirable  to  filter  out  all  uavelengtha 
except  those  isnitted  by  the  laser  Itaelf.  Froai  Eq,.  (11),  Chapter  2, 

It  is  seen  that  the  fraction  Bust  be  kept  low,  that  is,  the 

desirable  filter  will  have  a  naxrow  passbaad  to  elininate  background 
and  a  hi^  transmission  to  pass  signal.  The  hl^  transalsslan  is 
always  desirable,  but  if  other  noise  in  the  circuit  is  much  hiidiox* 
than  backgrounyd  then  oxxly  1/k  needs  to  be  low.  This  is  iBqportant 
since  in  nunifaeturlng  interference  filters,  transoslfslon  and  bend^iesa 
featxires  tend  to  be  Incoepatible.  Oenerally,  in  order  to  get  sharper 
beadpassea  more  Interference  is  necessary,  Ixplylng  mors  layers  of  the 
thin  films  and  this  of  course  means  lass  treasadsBlon. 

Speetrophotoemter  traces  of  the  best  available  filters  for  1.06vi 
are  ahovn  in  Figs.  10  and  11.  Ilie  first  trace  is  over  a  long  wave- 
length  range  to  show  tho  blocking  and  the  next  trace  Is  eaqpanded  to 
show  the  bandpass  region.  This  shows  extended  blocking  over  the 
visual  range  for  the  ease  when  S>1  rarface  pbotoeultlpller  is  used  as 
this  pbotoBultlplier  is  sensitive  in  this  wavelength  range,  neither 
the  idxotossiltlpller  nor  the  silicon  dstector  sensitive  to  vave- 
lengths  longer  then  1.2u. 

Frm  the  graph,  idiicb  is  an  actual  trace,  la  seen  to  be  70^, 

» 

sad  OMMured  at  transaisaiea  is  9^A.  By  suDSdag  nuasrleally 
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wavelength,  microns 


TUPOf  IX.  Buidlpus  Qptleml  FUtw  (QiswaAtd  Se*It) 


a*  Izidleatad  ia  Chapter  2,  It  caa  ha  oaaa  that  thla  value  for  AK  la 

o 

elljs^tly  lov,  ao  a  rounded  value  of  lOOA.  Is  need  Instead. 

CALCUIATION  OP  VOISB  DUB  TO  BAdSmtOUHD 

.k  ,  2  “ 

Using  3  X  10  watta/ster-oi  --A  as  the  value  for  background  radi¬ 
ation  the  noise  can  ^  calculated  In  terns  of  electrons  cooing  froo 
the  detector.  From  Chapter  2,  Eq.  (2b), 

^n  =  Pj  -  “^Or)  ^  \  *R  ^  ^ 

All  the  variables  except  and  0^  have  been  determined  and  In  the 
next  chapter  It  vlll  be  shown  that  their  values  are  .9  andT/2  X  10 
steradlaaa,  respectively.  Substitution  of  the  appropriate  values 
Into  the  equation  gives 

(3  X  lo’^Xe.se  X  10"3)(5  -  .5)(1o’^(100)(.70)(.9)(.5)(1.o6  X  l5^) 
“  (6.63  X  10"^^)(3  X  10^) 

=  X  10*^  electrons/ sec 


CALCULATION  CF  SIGNAL-TO-NOISE  RATIO 

•7 

Calculations  show  that  during  the  resolution  time  St  (=10  '  sec) 
on  the  average  3^*^  electrona  will  be  expected  from  the  detector.  ?%e 
fluctuations  aiound  this  averags  value  will  be  Oeuselan,  due  to 

•5 

thezml  noise,  with  a  standard  deviation  s  of  1.1  X  lO*'  electrons. 


4l 


Trm  the  daiired  total  false  alarm  rata  of  0.001,  the  falsa 
alam  rata  during  5t  Is  given  froa  Eq.  (3),  Cihaptar  2. 

'At  -  1  -  'St>' 


^diara 


t 


At  2  AB  /  c  800  yds 
It  “  rSR  7^  “  56” -rt' 
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thus  49  ln(l  -  =.  0.9990 

'st  •  a.o  X  10-* 

and  from  the  Blooatrlha  Tables^^  this  is  a  4.6  standard  deviation. 

Tb»  dselslon  laval  or  threshold  xtuoibar  of  elsetroos  Is 

(k)  n^  a  n  +  X  8 

*  34.4  ♦  4.6  (1.1  X  10^) 

B  9100  electrons 

Eouevar  for  a  aissad  signal  probability  of  2|^  the  aver;jge 
n’caibsr  of  electrons  in  the  signal  sMst  be  2.0  o^-andard  devisitioas  of 
algnal  plus  noise  greater  than  n^.  Since  the  signal  has  a  Poisson 
distributl(»i,  the  stanfej^  deviation  of  the  signal  cqmln  the  cgiisrs 
root  of  tho  «5a  if.  The  otnafcrd  ^viatica  of  nolc-e  is  about  &iv3l  to 
8  since  n  Is  saell.  Thus  tbs  standard  deriaticn  of  signal  plus  noise 
is  approKinatsly  sgual  to 

(H  +  s^F  «  s 

and  9  ■«  2.0s 

9  -  7300  elsctrons 
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A  graph  is  given.  Fig.  12,  for  the  rifle  rangefinder  showing  the 

prohabllity  of  tho  auEsber  of  electrons  occurring  as  current  from  the 

_7 

detector  during  the  10  '  seconds  \dien  a  signal  is  expected.  The  proh* 
ability  of  there  being  a  noise  pulse  to  the  right  of  the  decision 
level  n^  is  0.1^  and  the  probability  of  having  the  signal  plus  noise 
add  up  to  less  than  n^  is  2.5^. 

CALCULATI05  OF  POWER  REQUIREMFaT 


At  the  end  of  Chapter  2,  Sq.  11  is  used  for  background  limited 
noise.  Because  in  one  case  detector  noise  is  also  {Appreciable  Eq.  10a 
is  used  and  xs  is  determined  from  the  combination  of  the  two  sources 


(10a) 


„  N  0^  R^  e^  “  ^  h  c 

=  4  Aq  Ap  ky  K  T,  X  fet 


It  will  be  seen  (Chapter  ^0  that  0  can  be  made  small  enough  so  that  the 
i  yard  diameter  object  will  be  as  large  as  the  beam  crosccetlen  at 
1000  yards.  That  is  0  can  be  designed  to  be  |  mllllradlan.  This 

p 

means  that  A  =  r(0  R)  /U.  In  order  to  allow  for  the  sniper  to  miss 
aim  the  laser  so  that  only  half  the  target  is  hit,  a  factor  of  two  is 
inserted. 


Thus 


2N'jrR^e^“’^he 


^3 


2,000  3,000  4,0 

NO  OF  Electrons 


THE  vertical  dimension 
OF  THE  outlined  section 

IS  amplified 


PR03A8ILITY  OF  false  ALARM,  0  1% 


probability  of  a  missed  signal, 2  5% 

fit 


4,000  5,000  6,000 


Tlgurt  12.  Probability  Plotrlbutlon  of  Eloetrou 
froi  Dotoexor— Riflo  Ructfindor 
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All  vEluBS  have  been  determined  except  and  vhlch  vlll  each  turn 
but  to  be  0.9.  Subatitutlng  the  appropriate  values  gives 


Pm  » 


(73QO)Tr(9l^)^(.go)(6»g3  X  lo’^^)(8  x  1^) 


(6.36  X  10"3)(.9)(.1)(.9)(.70)(,5)(1.06  X  10*^(10"'^) 


B  190  vatts 

.7 

is  to  be  interpreted  as  being  the  average  power  delivered  in  10  ' 
seconds;  that  IS;  the  energy  is  to  be  I9  X  10*^  Joules  In  seconds. 
Slne»  a  typical  Q-spolled  pulse  is  shorter ^an  8t  in  this  case  the 
peak  power  of  the  pulse  loay  be  more  than  P^.  If  the  rise  time  o'^  the 
detector  and  the  components  In  the  associated  circuitry  were  faster 
than  10*^  seconds  >  then  the  averse  power  would  not  need  to  be  so  hi^ 
and  advantage  could  be  taken  of  the  short  laser  pulse  and  correspond* 
ingly  hl(^r  peak  power.  This  however  has  been  difficult  to 
accomplish  on  the  first  prototype.  Hopefully  future  stodels  will  allow 
sore  tias  to  be  spent  in  developing  the  electronice. 
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Chapter  4 


BroROEWCTIOH 

This  chapter  outlines  the  dsslga  for  the  rifle  remgeflnder. 

Space  doss  not  permit  a  coiqplete  evolution  of  each  part  vlth  reaaons 
for  discardlxm  each  possible  Idea  for  a  better  one,  however  a 
reasonably  cosplete  description  of  each  coeqponsnt  In  the  present, 
prototype  design,  is  presented. 

The  design  can  be  examined  under  five  major  headings :  Laser, 
Optical  Design,  Dsteetor,  Timing  Circuit  and  Display,  and  Power  Stqpply. 

lASBR 


The  reqnlreasnts  for  the  laser  transmitter  are  that  It  produce 
19  mlcrojoules  In  leas  than  10*''^  seconds  (it  is  allowed  to  continue 
emission  for  longer  than  10*’^  seconds  but  the  start  of  this  tine 
psriod  is  begun  with  the  first  light  emitted  and  therefore  a  Q»qpolled 
later  la  implied),  that  It  be  made  of  neodymlum-glasa,  that  It  be  as 
well  eelilmatad  as  is  practically  possible,  that  it  have  high 


•ffleltncy  In  conwrtlag  battnry  pcnmr  t.^  light  output,  and  abort  all 
that  it  be  snail,  reliable,  zugged  and  easily  operated. 

until  the  tin  that  the  rest  of  the  design  bad  already  been 
eoiqpleted  the  laser  vas  a  big  problea  requiring  nuch  thought  and 
laboratorjr  e^rinntation.  73ie  nthod  of  Q-epoiling  me  the  cause 
of  coocern.  lljp  until  :ben  the  device  consisted  of  a  prism  on  a  cocked 
spring  with  possibly  a  lASisaBr-ashrks^^  type  arrangsnsnt  to  Sharpen  the 
In-aligsment  time  of  the  prism.  !]3ien  uhen  the  rest  of  the  design  was 
all  but  coiqplete,  news  of  a  major  breah-throui^  in  Q-spoUlng  lasers 
was  announced;  this  made  the  Job  easy  because  the  advantages  were 
ao  definite  that  a  contract  vas  sinmly  placed  with  one  of  the  ccBffianles 
asking  the  discovery  to  supply  a  eoiq^lete  laser  with  the  above  qpeclfi* 
cations.  Basically  the  discovery  consists  of  a  piece  of  material  about 
one  ea  long  and  of  the  same  diameter  as  the  neodynixim  rod  idileh  is 
placed  lUth  the  rod,  Izmlde  the  resonating  laser  cavity.  Of  the  three 
groups  having  early  results  with  the  discovery,  only  Lear>Slegler  was 
able  to  obtain  material  ^eh  would  work  at  l.o6u;  their  material  is 
a  specially  dcgied  uranium  glass.  The  other  two  conpanies,  Kbrad,  Inc. 
and  International  Business  MschJnss  have  a  liquid  held  in  a  glass 
cell  which  works  well  for  the  ruby  wavelength.  Phencmenally  the 
material  works  by  being  almost  opague  as  the  neodynluA-glaes  is  being 
pumpet'  to  the  excited  etate  thus  spoiling  the  Q  (Q  stands  for  quality) 
of  the  cavity.  When  the  excitation  level  is  sufficiently  hij^  the 
material  undergoes  a  ^^otochemlcal  change  and  becomes  clear  allowing 
the  giant  pulse  to  be  emitted.  It  lemalns  clear  so  long  as  the  flux 
threui^  it  is  hl^  enough,  that  is,  until  the  excited  energy  level 
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hM  bMtt  •ntlrvly  d«pl«t«d,  and  then  hecoaea  dark  again  ready  to 
repeat  the  pzoceee.  ^  nethod  la  entlzvly  passive  mechanically  vlth 
no  Moving  pasrta  or  liqput  t;.'lgeer  signal;  it  is  coogpeust  and  rugged  and 
Its  efficiency  is  hl^r  than  any  previous  Q-qpoller.  While  other 
Methoda  do  not  svltch  the  Q  very  efficiently  and  also  require 
auxiliary  power  to  supply  a  pulse  or  rim  a  motor,  this  " saturable 
filter”  has  neither  shortcosdng.  ^e  glass  reqiulres  a  negligibly 
SMsU  percent  of  the  flashtube  energy  to  populate  an  excited  state 
above  the  ground  state  which  is  then  saturated,  while  the  liquid 
requires  no  pump  pomr  at  all.. 

Standard  techniques  are  used  for  the  flashtube  and  reflector.  It 
has  been  found  that  not  only  the  smallest  configuration,  but  also  an 
extremely  efficient  method  IS  to  have  a  linear  flashtube  in  ucmtact 
vlth  the  Laser  rod  and  a  cylindrical  reflector  fitted  as  tightly 
around  them  as  practicable. 

Ihe  resonant  ends  of  the  laser  cavity  will  be  totally  internally 
reflecting  roof  prlsas,  one  end  made  on  the  laser  rod  and  the  other 
on  the  saturable  filter.  One  ez;d  vlll  have  a  flat  polished  on  the 
qpex  of  the  roof  for  the  light  to  exit.  This  eliminates  any  thin-flln 
surfaces  vlilob.  might  deteriorate  or  move  out  of  alignment  and  also 
serves  a  puz^ose  to  be  described  in  the  next  section.  This  is  a 
relatively  nev  method  for  extracting  the  energy  frcms  the  laser  cavity 
and  is  not  ecnqtletely  understood.  At  first  glance  one  mould  suppose 
that  DO  resonazice  nor  standing  waves  could  he  sustained  in  the  region 
of  ths  truzieatlon  at  all.  The  efficiency,  however,  appears  to  be 
about  as  good  as  other  forms  of  output  coupling.  A  possible 
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•xpXanatlon  might  bm  to  dAseribe 
all  the  lasing  to  off>axis  nodes 

)♦- 

of  resonance  as  showi  here. 

It  is  calculated  that  the 

minimum  possible  input  vhlch  vill  still  cause  lasing  action  gives  an 
output  which  is  more  th&u  that  required  for  P^.  Thus  rather  than 
expending  efforts  to  increase  the  output  the  primry  development  needs 
to  he  to  decrease  the  threshold  eioergy  necessary  for  lasing. 

The  exit  bean  spread  from  the  laser  wi.ll  be  about  3  mllllradians 
and  will  therefore  need  to  be  recolllmated  to  decrease  this  divergence. 

OPTIGAL  EESICBf* 

In  a  typical  Icaar  ransefinder  there  are  three  distinct  optical 
systems  performing  separate  tasks.  One  is  a  telescopic  sight  for 
aiming  the  Isser,  one  is  a  return  energy>collection  system,  and  the 
third  is  a  system  which  takes  the  light  as  it  cooss  from  the  laser 
and  projects  it  with  decreased  divergence. 

It  would  bs  advantageous  if  these  three  sets  of  optica  (particu¬ 
larly  the  large,  hetvy  objective  leases)  could  be  synthesized  la  some 
wsy.  The  sighting  scope  can  easily  be  cooblned  by  the  use  of  a 
dlchroic  mirror  since  the  laser  wavelength,  1.06|i,  is  outside  the 


*  Much  of  this  section  on  Optical  Csulgn  has  been  published  pre¬ 
viously  by  the  author  in  a  Ifaval  Ordnance  Test  Station  Techxiical 
Puhlloatioa  (see  reference  8)  and  in  an  invention  disclosure  to  the 
Navy. 
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vlBVAl  vavtItDstht.  Tbm  Alchrole  Mirror  !•  plBused  boblod  the 
ohjeetlve  lens  to  reflect  the  rlsuex  but  transait  the  Infrared  i«ve> 
lengths.  The  reflected  light  then  goes  to  the  eyepiece  In  the  usobO. 
■Mine?. 

The  teo  rewainlxig  functions  ere  combined  as  follows.  Using  the 
truneeted  prism  described  in  the  preceding  section  for  the  oul^ut,  the 
laser  light  is  focused  to  a  point,  producing  either  a  real  or  a 
virtual  laage.  As  the  source  is  monochrosmtic  and  axial,  aberrations 
other  than  spherical  do  not  exlat.  The  best  shape  for  the  lens  can  be 
found  by  adninlzlBg  dpberleal  aberration  according  to  the  following 
relationship. 

(13)  II  /2n^  ;  n  >  h) 

^2  min^  +  1 

Wbers 

n  =  the  glass  index 

r,  =  the  radius  of  exirvature  of  the  leas  surface 
^  on  the  side  facing  the  collimated  ll^t 

the  radius  of  the  opposite  side 

For  glasses  in  the  visual  region,  this  gives  a  lens  of  nearly  plaao'- 
coQvex  or  -concave  shape  (for  the  sake  of  coopactness  a  negative  lens 
Is  used).  The  point  of  light  formed  by  this  negative  lens  is 
adjusted  to  be  on  the  axis  and  at  the  focus  of  the  objective  lens, 
and  tbs  laser  radiation  le  then  projected  with  a  eoUlmation  better 
than  the  original  colllnati<Ki  by  the  ratio  of  the  diameter  of  the 
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obJttctlYd  litnB  to  the  dlaaeter  of  the  laser  rod.  Eoweverj,  not  this 
Buch  gain  is  achieved  vdien  aber"atiens  hecone  tn^rt^t  or  tdisn  the 
circle  of  least  confusion  Is  dlffraetlon-Iluited. 

Lig^t  coning  hack  from  the  target  vlU  cone  hack  through  the  sane 
systea;  sons  vlU  reenter  the  apex  of  the  prism,  hut  most  of  it  vlU 
be  reflected  to  the  side  by  a  mirror  vlth  a  hole  In  the  center  as 
Bhovn  In  Fig.  13)>  and  focused  onto  the  detector.  For  a  large 
objective  lens,  aberrations  vlU  bother  less  If  only  part  of  the  lens 
is  used  for  the  projector.  In  collecting  the  li#t  >ftiere  aberrations 
are  not  nsaurly  so  Ingtortant,  however,  the  whole  lens  is  used  and  the 
area  of  the  truncation  new  takes  up  a  smaller  percentage  of  the  cross 
section  of  the  light  beam.  Also,  a  hl^  quality  lens  can  be  used  with 
a  plastic  aspherical  lens  as  an  annulus  surrounding  It,  thus  further 
decreasing  equipment  wel^t  and  cost.  Q3ie  other  lens  Is  threaded  Into 
the  plastic,  adjusted  until  the  foci  match,  and  then  fixed  permanently 
In  place. 

To  determine  actual  dirnsnslons  involved,  ray-trace  data  were  tised 
and  the  contribution  of  spherical  aberration  to  the  lateral  image 

dlaenalon  was  calculated  for  several  indices.  The  result  is  plotted 
as  a  function  of  the  f/no.  of  the  cone,  Fig.  l4.  The  ordlnato  is 
given  as  a  percentage  of  the  plano-concave  lens  diameter,  which  in 
turn  is  defiled  by  the  disaster  of  the  laser  rod.  As  seen  from  the 
graphs  on  the  next  pege,  a  plano-coneave  lens  can  be  designed  so  that 
spherical  aberration  Is  negligible  and  strict  adherence  to  Bq.  (13) 


51 


Fi^az«  13.  laaar  Traanlt-Rpcftlve  Ogptles 


t/NO 

risort  15 


if  not  MCASwry.  That  is,  Eq.  (13)  my  shov  that  the  radii  should  he 
in  the  ratio  of  6:1,  hut  the  ray  trace  data  show  that  plano-cooeaTe 
radii  approxlaate  this  ratio  closely  enough* 

To  he  iBore  specific,  the  output  diverssnce  vas  calculated  for  a 
6BBa  diamter  laser  rod  haviag  a  natural  divergence  of  4  mrad.  03ie  out¬ 
put  divergence  is  recollinated  h^  an  optical  system  vlth  a  50m 
ohjectlve  lens.  As  divergence  approaches  the  asyaptote,  it  is 
dlffraction-llsdted  and  the  spherical  aberration  serves  only  to 
redistribute  the  light  vlthln  the  diffraction  itoage,  putting  more 
light  into  the  rings  Instead  of  into  the  central  disc.  Let  the  out¬ 
let  divergence  he  labeled  Oj  t]«n,  for  the  first  part  of  the  curve: 

■■■■ 


d  =  the  dianstcr  of  the  laser  rod 

D  the  dlaneter  of  the  objective  lens 

^  =  the  mturad  dlvergexxce  of  the  laser  rod 

s.a.  «  the  dlsswter  of  the  blur  clreule  due  to 
spherical  aberration. 


For  the  asyiqptote  part  of  the  curve  (^ere  \  is  the  laser  wavelength) : 


(15) 


e  -  ^  ^  ^  +  1‘22  \/d 

f/no.  X  b 


' "  *  A'  more  detailed  discussion  of  the  tolerance  for  spherical 
aberration  and  the  Ri^leigh  liJBlt  appears  in  Conrady^.  see  ref.  29. 
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At  th«  eroMover  point  botVMtn  Eq.8.  (l4)  and  {^3),  the  valtie  vill  be 
MMiduit  leee  than  that  given  by  Eq.  (Ik). 

It  ia  felt  that  the  nlniawm  reaolutioa  possible,  without  a  great 
deal  of  eapexuM,  for  the  a^i^ric,  plastic  collecting  lens  anzxulus  is 
about  2  millir&dians.  The  expense  is  not  Jtistified  since  baehground 
is  not  the  liaiting  noise  and  decreasing  background  noise  does  not 
decrease  the  total  noise  significantly.  A  field  stop  is  placed  at  the 
receiver  focus  to  exclude  any  li|^t  other  than  that  in  the  2  milli- 
rmdian  fleld-of-viev  frost  hitting  the  detector. 

Referring  to  Fig.  l6  it  is  seen  that  the  electroscope  fiber  (to 
be  discussed),  Vhloh  gives  the  range  readout,  is  laaged  directly  into 
the  telescope  eyepiece.  The  beaia^lltter  reflects  about  30^  of  the 
light  and  transadts  the  rest.  The  fiber  and  reticle  are  seen  only 
when  llluBdnated  by  a  light  behind  the  fiber. 

DETECTOR 

The  detector  has  been  discussed  in  Chapter  3>  The  active  element 
in  the  detection  process  is  silicon  which  is  specially  "timed"  so  that 
its  wavelength  of  iwixiTmini  response  is  l.o6u.  It  is  followed  by  an 
amplifier  with  an  overall  gain  of  200.  The  transistors  in  the  first 
stage  of  the  aiqilifler  are  to  be  mounted  directly  with  the  detector  at 
the  focus  of  the  collection  optics  and  succeeding  stages  are  con- 
Bseted  by  a  10  ca  cable  so  they  can  be  located  more  conveniently. 
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TIMING  CIRCUIT  AMD  DISPLAY 


The  method  used  tc  display  range  Information  has  been  worked  out 
jointly  hy  the  author  and  Dr.  Jtillan  L.  Thon^json.  In  searching  for  a 
method  the  advantages  of  a  nuclear  dosimeter  were  esgplored.  The  dosi¬ 
meter  in  mind  is  one  designed  to  be  worn  in  a  person's  pocket  to 
measure  the  Integmted  esqpostire  to  Ionizing  radiation.  It  consists  of 
a  metal  coated  qpartz  fiber  supported  on  a  metal  frame  as  shown  in 
Fig.  17  with  a  Burfacs  surrounding  the  frame  and  fiber.  Hhm  fiber 
acts  like  an  electrometer  so  that  in  the  case  of  the  dosimeter  which 
is  used  (Bendlt  Corporation)  the  fiber  is  close  to  the  frams  when 
there  is  100  volts  potential  difference  between  the  chamber  and  the 
fiber  and  frams.  When  the  fiber  and  frame  are  charged  to  l6o  volts 
becoming  tsore  positive  with  respect  to  the  chamber,  the  fiber  is 
repelled  by  the  frame  and  moves  toward  the  ion  chamber  walls.  The 
fiber  is  Imaged  by  a  lens  onto  a  reticle  or  scale.  When  it  is  used 
as  a  dosimeter  incoming  radiation  ionizes  the  chamber  and  the  fiber 
thus  records  the  total  djsagj  of  radiation  received.  Used  as  a  dosi¬ 
meter  the  mgoclmum  electrical  loakase  is  1^$  of  full  scale  for  Zk  hours. 
A  maximum  change  In  sensitlYlty  of  ^Of>  nay  occur  luider  any  probable 
eomblraition  of;  (a)  tengjeratiire  range  of  to  +150*F,  (b)  ^0,000 

feet  altitude,  or  (c)  100^6  relative  humidity.  The  units  are  small  in 
alse,  withstand  hl^  shock  and  vibration  and  wei|^  only  one  ounce. 

A  unit  is  designed  in  the  circuit  to  act  as  a  voltmeter  and  the 
scale  is  changed  to  read  increments  of  range.  In  addition  to  the 
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Flfor*  I7>  Si^plifldd  Cress  Ssetlso 
of  Bsadlx  DoslMtsr 
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advantae^s  ajqpaxant  fzxn  the  above  features,  the  liaage  of  the  quartz 
fiber  la  designed  to  be  displayed  directly  in  the  eyepiece  of  the 
rlfleseorpe  Vhensver  aa  llluai  nation  light  is  tamed  on.  This  allows 
the  sniper  to  keep  his  eye  on  the  target  while  reading  the  range.  It 
is  also  possible  with  a  can  arrangsaeat  to  set  autooatlcally  the 
proper  elevation  Into  the  scope  without  taking  the  eye  from  the  scope 
by  oatchlng  a  needle  to  the  fiber  insge  in  a  naaner  similar  to  the  way 
an  aut<aaitlc  camera  sets  the  iris  for  varying  ezposrrre  illumination. 

The  fiber  arrangement  requirea  no  power  such  aa  is  necessary  to  illuni- 
sate  nixie  tubes  or  drive  mecheutieal  counters  and  has  an  extremely 
simple  aecospanylng  circuit  >4ileh  therefore  will  be  smaller  and  more 
reliable. 

When  used  in  a  timin'''  circuit  the  fiber  is  set  to  read  the  amount 
of  charge  present  on  a  capacitor  (see  the  electronic  diagram,  ?ig.  l6). 
The  capeoltor  has  a  high  voltage  supply  which  is  turned  on  by  the 
flip-flop  circuit  when  the  laser  fires.  The  capacitor  then  begins 
charging  and  stops  when  the  return  light  pulse  is  received  and  put  into 
the  flip-flop  circuit.  The  amount  of  charge  on  the  ccqpecltor  is  then 
read  on  the  dosimeter  reticle  as  range  in  yards. 

Actually  the  flip-flop  gatee-on  a  transistor  as  shown  which  com¬ 
pletes  the  circuit  to  the  high  voltage  siqpply.  Whan  the  transistor 
is  gated  off  again  the  capacitor  would  normally  Just  discharge  back 
through  the  traiulstor;  Instead  a  hi^-iqeed  diode  is  placed  in  the 
discharge  path.  Diodes  are  fast  enough  to  catch  the  capacitor  at  the 
peak  of  its  charge  and  hold  it  there,  but  the  best  di(>de  that  could  be 
found  still  had  a  leak  rate  which  allowed  the  capacitor  to  alovly 
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die2fe?rc5  in  iO  g?  SO  ccacnis  oicscs  g?  ©aly  o  f<S\i  olcat^sao 

oauMi  a  hlfl^  paroantaga  change  In  the  ssall  capacitor  and  in  the 
doaimtar.  ^is  vould  raquira  the  anipsr  to  maloo  an  instantanfiOtiB 
reading  of  raaga.  To  circiswent  this  difffie^ilty  a  miatatisro  resd 
relay  is  put  in  series  vith  the  diote.  Wiile  the  reed  switch  is  not 
fast  encash  ts  do  the  joh  cf  the  diode  (the  diode  c^ds  to  ho  fcistor 
than  aaoonda,  the  read  avltchaa  in  about  a  milllaecond)  it  doesn't 
leak  since  the  eontaets  are  aachanlcally  separated;  end  the  two  of 
than  tpgathar  do  the  Job  that  neither  could  do  aloue. 

Whan  the  laser  fires,  loae  of  the  transmitted  light  along  the 
beam  is  scattered  in  all  dlrectlcne,  some  of  it  b£<.!h  to^xird  the 
receiver.  At  eI.os5  mcsea  this  is  ciicu^  to  bo  totoctod  cai  would 
give  a  false  signal,  ^tlnce  range  is  required  only  frcta  200  to  1000 
yards,  a  delay  clrcxtlt  is  Introduced  to  keep  the  fllp>flop  froii} 
accepting  a  oeeond  pulae  for  the  first  200  yards  of  range,  and  the 
first  reading  on  the  reticle  la  a  200  yard  mark. 

POWER  SUFPLf 


The  voltage  aasS  current  scoded  are  listed  bolor;  per  loser  firing. 

It  is  felt  that  the  rangefinder  should  be  designed  co  give  ^0  Shots 
before  the  batteries  are  to  be  recharged.  Provision  mads  to 
recherce  the  bstterloo  fren  o-femd^rd  aHitory  vchiclo  battorloo,  thieh 

are  volts.  Sllv«r«£lne  batteries  are  used  because  of  their 
superior  energy  to  weight  ratio.  Ohe  batteries  and  capacitors  are 
hottBsd  in  the  rifle  stock. 
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RfiqMlrvd  p«r 
polio 


Use 


42500  4500  volts 
negllg^le  energy 

Trigger  voltage  for  f  Lashtube 

+450  45  volts 

50  Joulas 

Laser  flashtube.  Capacitors  releasing  50  J  per 
pulse  will  be  charged  In  ten  seconds,  previous 
to  using  the  laser. 

4200  4-1  volt 

20  Jo^es 

Bl^  voltage  for  tlBlng  capacitor 

4'42  volts 
battery  supply 
iVo  Joules 

Timing  circuit  -  120  Joules 

Detector  and  amplifier  siqpply  >  20  Joules 

-loo  +.5  volts 
negllglbls  energy 

Doslnster  bias  supply 

«  idtal  onorgy  required  Is  210  Joules/pulos  X  ^0  pulses  ° 

lO^CO  Joules.  A  12  volt  battery  Is  plam»d  vlth  voltage  conveirters 

to  pitT'lda  other  voltages.  The  battery  required  vUl  thus  be 

10500  Joules  _  0.25  angpere  hours.  A  sllver^zlne  battery 
Sfeoo  soc/aln  X  115  v 

rated  at  a  nenlnal  0.5  aiqpere  hours  and  consisting  of  8  cells  vlU 
provide  this  and  vlU  be  rechargeable  20  to  4o  tiaes;  It  would  weigh 
6.U  ounces  and  have  an  overall  voluias  of  7«3  cubic  inches. 
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